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Introduction {#sec001}
============

Matrix metalloproteinases (MMPs) are a family of zinc-dependent, neutral endopeptidases which degrade the components of the extracellular matrix (ECM), such as collagen, fibronectin, elastin and laminin \[[@pone.0129322.ref001],[@pone.0129322.ref002]\]. In physiological conditions, their expression is tightly regulated by growth factors, cytokines and steroids, whereas their activity is controlled by their endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs) that bind to the latent forms of MMP inactivating the enzyme. The over-expression of MMPs by various cell types has been implicated in the pathogenesis of many diseases and diverse invasive processes, including arthritis, cardiovascular diseases, stroke, multiple sclerosis, neurodegenerative diseases, allergies as well as cancer \[[@pone.0129322.ref003]--[@pone.0129322.ref004]\]. Several experimental evidence indicate the involvement of gelatinases A (MMP-2) and B (MMP-9) in the pathogenesis of HIV-associated dementia (HAD) \[[@pone.0129322.ref005]\], Multiple Sclerosis (MS) \[[@pone.0129322.ref006]--[@pone.0129322.ref008]\] and cancer progression \[[@pone.0129322.ref009]\]. Therefore, these enzymes have been considered therapeutic targets for the treatment of the mentioned diseases. In this respect, in the past decade different synthetic inhibitors of MMPs have been used in clinical trials for cancer and other diseases \[[@pone.0129322.ref010],[@pone.0129322.ref011]\], but this approach gave equivocal results in terms of selectivity and efficacy \[[@pone.0129322.ref012],[@pone.0129322.ref013]\]. Therefore, the research has been oriented at evaluating whether the drugs, currently used for the treatment of diseases in which MMP are involved, could exert their beneficial effect also by reducing the levels and expression of these enzymes. In this respect, it has been demonstrated that drugs used for the treatment of MS patients (e.g. IFN-β) and HIV-infected patients (e.g. zidovudine, indinavir and maraviroc) are able to inhibit the activity and expression of MMP-2 and MMP-9 \[[@pone.0129322.ref014]--[@pone.0129322.ref017]\]. In recent years, the attention has been focused on the identification of natural products with anti-MMP properties. In this respect, we have shown that natural antioxidant compounds and omega-3 polyunsaturated fatty acids, extracted from fish oil, are able to inhibit the activity and expression of MMP-2 and MMP-9 in rat glial cells \[[@pone.0129322.ref018],[@pone.0129322.ref019]\]. Present approaches in the research of natural compounds with anti-MMP activities are addressed to the search of bioactive compounds isolated from marine organisms. Indeed, different compounds with anti-MMP activities have been purified from marine sponges \[[@pone.0129322.ref020]\], which represent a promising source of bioactive compounds with interesting pharmacological activities against a variety of human diseases \[[@pone.0129322.ref021],[@pone.0129322.ref022]\]. Specifically, until now the anti-MMP compounds isolated from marine sponges are mostly represented by lipophilic organic molecules such as ageladine A \[[@pone.0129322.ref023]\], ancorinosides B-D \[[@pone.0129322.ref024]\] and aeroplysinin-1 \[[@pone.0129322.ref025]\], which are able to exert their anti-MMP inhibitory activity with high selectivity. However, so far the biological potential of water-soluble compounds, and in particular of proteins, isolated from marine sponges, has been little studied. Therefore, it would be very interesting to evaluate whether water-soluble compounds extracted from marine sponges possess anti-MMP properties. In this respect, we have recently reported the preparation of aqueous extracts from seven Mediterranean demosponges, *Tethya aurantium*, *T*. *citrina*, *Hymeniacidon perlevis*, *Ircinia variabilis*, *Chondrilla nucula*, *Aplysina aerophoba* and *Sarcotragus spinosulus*. The analysis on sodium dodecyl sulphate polyacrylamide electrophoresis (SDS-PAGE) evidenced the presence of specific protein profiles in the different sponge extracts. In addition, we determined the non-cytotoxic concentrations of each extract in four mammalian cell types \[[@pone.0129322.ref026]\].

On these grounds, the purpose of this study was to determine whether the aqueous extracts, prepared from the above mentioned Mediterranean demosponges, possess inhibitory activity against gelatinases A (MMP-2) and B (MMP-9). To this end, we used an *in vitro* model already used in our laboratory \[[@pone.0129322.ref027]\], represented by rat astrocytes stimulated with LPS, a well-know inducer of MMPs \[[@pone.0129322.ref028]\]. We demonstrated that the aqueous extracts are able to exert inhibitory effect on MMP activity and expression. In addition, in our research we showed that the observed inhibitory activity against MMPs was maintained also in the aqueous extracts prepared from reared specimens of the two Mediterranean species, *T*. *aurantium* and *T*. *citrina*.

Materials and Methods {#sec002}
=====================

Ethics Statement {#sec003}
----------------

No specific permits were required for the described field studies. The sponge samples were collected from a location that is not privately-owned or protected in any way, according to the authorization of Marina Mercantile now called Ministero delle Politiche Agricole, Alimentari e Forestali (DPR 1639/68, 09/19/ 1980 confirmed on 01/10/2000). The Department of Biology of Universityof Bari has been approved by the Ministero della Marina Mercantile as an "Accredited Scientific Institution" and it is in compliance with all formalities required from "Accredited Scientific Institutions", as reported in the Art. 27, 29, 30 of the DPR 1639/68. The field studies did not involve endangered or protected species. All animal procedures were in compliance with the guidelines of the European Union (directive 609/86).

All experimental procedures involving animals were carried out in strict accordance with the recommendations in the NIH Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of University of Bari, Italy (Permit Number: 23-98-A). All efforts were made to minimize the number of animals used and to ameliorate their suffering.

Chemicals {#sec004}
---------

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin and streptomycin, L-glutamine were obtained from GIBCO (Paisley, Scotland). DNase 1, gelatin, lypopolysaccharide (LPS), 1,10 phenanthroline (PA), poly-L-lysine (PLL), trypsin, trypan blue, 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT), phorbol 12-myristate 13-acetate, bovine serum albumine was provided by Sigma (St. Louis, MO, USA). Glial fibrillary acidic protein (GFAP) antibodies were purchased from Serotec (Oxford, UK). Standard proteins, G-250and R-250 coomassie brilliant blue were purchased from Bio-Rad (Hercules, CA, USA). Purified MMP-2 and MMP-9 were purchased from Alexis Biochemicals (San Diego, CA, USA). Primer pairs specific for MMP-2, MMP-9 and 18S were from Sigma Genosys (Cambridge, UK). RNeasy mini kit and QuantiTect Reverse Transcription were from Qiagen (Valencia, CA, USA). Antibodies against extracellular--regulated protein kinases (ERK) 1/2, and phosporilated ERK 1/2 (p-ERK 1/2) were from Santa Cruz Biotechnology (Santa Cruz, CA). Hybond-P PVDF membranes, enhanced chemiluminescence (ECL) Western Blotting Analysis System and anti-mouse-HRP secondary antibody were from GE Healthcare Life Sciences (Little Chalfont, Buckinghamshire, UK).

Sponge collection {#sec005}
-----------------

For our experiments seven different demosponges, commonly found in the Adriatic Sea (Palese, Bari; N 41°09' 39" E 16°45' 50"), were collected. In particular, specimens from *T*. *aurantium*, *T*. *citrina*, *H*. *perlevis*, *I*. *variabilis*, *C*. *nucula*, *A*. *aerophoba* and *S*. *spinosulus* were chosen.

Sponge species were collected by scuba diving in Southern Adriatic Sea, Italy, at depths between 1 and 3 meters. Sponges were individually transferred to laboratory in bags filled with seawater and labelled for recognition. During the transport, the samples were protected against contact with air as well as other injuries and temperature was maintained around 18°C. Once in laboratory, all sponges were numbered and listed with information like date of sampling and location, weighed and then frozen at -80°C as soon as possible until the extraction.

*Tethya aurantium* and *T*. *citrina* collection and maintenance in aquarium {#sec006}
----------------------------------------------------------------------------

A total of 92 specimens of *T*. *aurantium* and 74 of *T*. *citrina* were collected from the Adriatic Sea (Palese, Bari; N 41°09' 39" E 16°45' 50"), on rocky bottom, around 2 meters of depth, from February to March 2010. The sponges were placed in closed tanks containing seawater, transported to the laboratory, tagged, photographed \[[@pone.0129322.ref029]\] and then reared in three 150 l volume tanks. Each tank was filled with natural seawater maintained at a temperature and salinity of 21 (±1.2)°C and 37 (±0.6) psu, respectively. The stocking density was approximately 1 specimen per 0.6 l of water. The filtering system used was a mechanical coarse. A replacement of 10% of total water was daily carried out, using seawater from the sampling site, and, in addition, sponge diet was daily supplemented with 300 cc of solution containing the microalga *Nannochloropsis sp*. (2 μm diameter) at a concentration of about 4×10^7^ cells/cc. Taking into account the different number of the specimens of the studied species, aqueous extracts were prepared throughout a period of 18 months for *T*. *aurantium* and of 12 months for *T*. *citrina*.

Preparation of aqueous extracts {#sec007}
-------------------------------

Sponges were homogenized in extraction buffer, consisting of 10 mM sterile phosphate buffered saline (PBS), 150 mM NaCl, pH 7.0 (1:4 w/v), according the methodology proposed by \[[@pone.0129322.ref026]\]. Specimens from *T*. *aurantium* and *T*. *citrina* were grounded in phosphate buffered saline with mortar and pestle set in an iced bath. The other sponges were, instead, homogenized in the same buffer in a waring blender. The homogenate was subjected to three cycles of freezing (20 min, -20°C) and thawing (10 min, RT). To avoid any microbial contamination due to the symbiotic bacteria, penicillin/streptomycin (5x10^3^ U/ml) was added to the homogenate, which was then centrifuged for 60 minutes at 15.000 g, 4°C. The clear supernatant was collected and filtered through a Millipore membrane, pore size 0.22μm. Total protein content of each extract was determined according to Bradford method \[[@pone.0129322.ref030]\]. Extracts were then kept at -80°C until further analysis.

In order to exclude the presence of residual organic metabolites in the sponge extracts, amounts of crude extract from the different sponges, corresponding to 500 μg of proteins, were subjected to a further step of extraction with two volumes of chloroform (CHCl~3~). After centrifugation for 3 minutes at 13000 g a biphasic separation, consisting of a top aqueous (aqueous phase) and a bottom organic phase, was obtained. The two fractions were collected separately and the CHCl~3~ phase was dried by nitrogenous stream and then resuspended in CHCl~3~/PBS (1:10 v/v) (organic phase). Protein concentration was measured by using the Bradford assay in both the aqueous and the organic phases, then samples were kept at -80°C until further testing on astrocytes.

Preparation of astrocyte primary cultures {#sec008}
-----------------------------------------

One-day old rats were anesthetized with ether vapors, then sacrificed by rapid decapitation and the dissected neocortical tissues were used for the preparation of primary glial cell cultures as described by \[[@pone.0129322.ref031]\]. Astrocytes were then purified from the mixed culture by trypsinization and replating to remove contaminating microglia and oligodendrocytes. As assessed by immunostaining for GFAP more than 98% of the cells were GFAP-positive in all the preparations. Astrocytes were plated in PLL-coated 96-well plates at a density of 1x10^5^ cells/ml (100 μl/well) in complete medium (DMEM supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 10% fetal bovine serum) and maintained at 37°C in a 5% CO~2~.

Treatment of astrocytes with LPS and aqueous extracts {#sec009}
-----------------------------------------------------

One day after seeding at a density of 1 x 10^5^ cells/ml in 96-well plates, astrocytes were washed once with serum-free DMEM, activated with LPS at the final concentrations of 10 μg/ml and simultaneously treated with the aqueous extracts of the studied sponges at the non-cytotoxic concentrations. In another set of experiments LPS-activated astrocytes were treated with equal amounts of the aqueous extracts as well as with the corresponding aqueous and organic phases. Cells incubated in the same experimental conditions in serum-free medium served as negative controls. Positive controls were obtained from astrocytes stimulated with LPS. The treatments were performed in 100 μl of serum-free medium for 24 h at 37°C, 5% CO~2~. After incubation, the medium was collected and stored at -20°C until use. Cells were subjected to RNA extraction and polymerase chain reaction (PCR) experiments to assess MMP expression levels.

Detection of Cytotoxicity {#sec010}
-------------------------

Cytotoxicity of astrocytes after treatment by sponge extracts was detected using the MTT assay as described in \[[@pone.0129322.ref017]\]. Briefly, triplicate samples of confluent astrocytes, plated in 96-well plates in serum-free DMEM, were treated for 24 h with the different sponge extracts at the final protein concentrations of 1, 5, 10, 30, 60 and 100 μg/ml. The negative control was represented by cells incubated, in the same experimental conditions, in serum-free DMEM. The difference between the absorbance of each sample at 560 and 690 nm was measured, and the value of the untreated sample was set at 100%.

Detection of gelatinases by zymography {#sec011}
--------------------------------------

Gelatinases in cell culture supernatants were determined by SDS-PAGE zymography according to a modification of the method of Heussen and Dowdle \[[@pone.0129322.ref032]\] as described by \[[@pone.0129322.ref014]\]. Briefly, 50 μl of culture supernatant from astrocytes were mixed with 30 μl of SDS-loading buffer and separated in 7.5% polyacrylamide gels copolymerized with 0.1% (w/v) gelatin. Stacking gels contained 5.4% polyacrylamide. After electrophoresis, the gels were washed in 2.5% (w/v) Triton X-100, 10 mM CaCl~2~, 50 mMTris-HCl, pH 7.4 and then incubated overnight at 37°C in 1% (w/v) Triton X-100, 50 mM Tris-HCl, 10 mM CaCl~2~, pH 7.4 (developing buffer). After staining and destaining of the gels, gelatinase activity was detected as a lysis area on the blue background of the gel and was quantified by scanning densitometry and computerized image analysis using the Image Master 1D program (Pharmacia Biotech, Uppsala, Sweden).

Reverse Transcription-polymerase chain reaction (RT-PCR) {#sec012}
--------------------------------------------------------

MMP-2 and MMP-9 mRNA expression in astrocytes were determined by RT-PCR as described in \[[@pone.0129322.ref017]\]. Total cellular RNA was extracted from astrocytes using the Qiagen RNeasy mini kit according to the manufacturer\'s instructions. 500 ng RNA were used to synthesize complementary DNA (cDNA) by using the QuantiTect Reverse Transcription kit according to manufacturer's instructions. PCR amplification was performed for MMP-2 and MMP-9 using the following primers: sense `5′-GTC ACT CCG CTG CGC TTT TCT CG-3′`; antisense `5′-GAC ACA TGG GGC ACC TTC TGA-3′` for the rat MMP-2 sequence and sense `5′-CGG AGC ACG GGG ACG GGT ATC 3′`; antisense `5′-AAG ACG AAG GGG AAG ACG CAC ATC 3′` for the rat MMP-9 sequence. Amplification of a 308 bp fragment of rat 18 S (sense `5’-TCCCTC AAG ATT GTC AGC AA-3’`; antisense `5’-AGA TCC ACA ACG GAT ACA TT-3’`), a relatively invariant internal reference RNA, was performed in parallel. Twenty-five cycles of PCR were carried out, each one consisting of denaturation at 94°C, annealing at 59°C and extension at 72°C in a thermal cycler (PTC- 100 Programmable Thermac Controller, MJ Research, Inc., Walthan, MA, USA). PCR products were visualized by ethidium bromide staining in 1.5% agarose gels. Gels were then processed for densitometric analysis as described for protein gels. Amplification of the target cDNAs were normalized to 18S expression.

Detection of ERK-1/2 phosphorylation by Western blot analysis {#sec013}
-------------------------------------------------------------

ERK 1/2 was detected by immunoblot analysis as reported in \[[@pone.0129322.ref031]\]. Briefly, primary astrocytes plated in 6-well plates, made quiescent in serum-free medium for 24 h, were pretreated for 1 h with the crude extracts from the different sponges at the highest non-cytotoxic concentration or with 10 μM of the ERK inhibitor PD98059, then activated for 2 h with 10 μg/mg of LPS. Unstimulated and untreated astrocytes or LPS-activated astrocytes represented the negative and positive controls, respectively. After the incubation period, cells were lysed with 20mM Tris-HCl, 150mM NaCl, 2.5mM Na pyrophosphate, 1mM β-glycerophosphate, 1% Triton X-100, 1mM PMSF, 20 μg/ml aprotinin, 1mM EGTA, 1mM Na fluoride, 1mM Na3VO4, pH 7.5. Cell lysates were centrifuged at 13,000 g for 10 min at 4°C, and protein concentration was determined using the Bradford assay. Equal amounts of lysates corresponding to 60 μg of total proteins were resuspended in SDS buffer and the samples were separeted using 10% SDS-PAGE. Proteins were then immunoblotted onto PVDF membranes. After blocking overnight at 4°C with 0.05% Tween 20, 1% milk, 1% BSA in 150 mM NaCl, 20 mM Tris-HCl (TBS) (pH 7.5), blots were probed overnight at 4°C with a monoclonal anti-p-ERK-1/2 antibody (1:500). The blots were washed three times with 0.05% Tween 20 in TBS then the membranes were probed with anti-mouse-HRP secondary antibody (1:20,000) for 2 h at room temperature and detected with ECL. After exposure to autoradiographic films, membranes were stripped and incubated with an anti-rabbit antibody specific for non-phosphorylated ERK-1/2 (1:500), to assess the total amount of ERK. The quantification of levels of phosphorylation, obtained after densitometric scanning of blots and normalization to non-phosphorylated ERK-1/2, was expressed as percent compared with positive control indicated as 100%.

Statistical analysis {#sec014}
--------------------

The data are expressed as mean values ± standard deviation (±SD). One-way analysis of variance (ANOVA) followed by the multiple comparison Tukey test was used to assess the statistical significance between treated and untreated groups in at least three experiments with different culture preparations. A level of p\< 0.05 was considered statistically significant.

Results {#sec015}
=======

Aqueous extracts from Mediterranean sponges reduce MMP-2 and MMP-9 levels in LPS-activated astrocytes {#sec016}
-----------------------------------------------------------------------------------------------------

MMP-2 and MMP-9 levels were detected by gelatin-zymography in cell culture supernatants from LPS-activated astrocytes after treatment with the aqueous extracts.

As shown in the representative gels in Fig [1A](#pone.0129322.g001){ref-type="fig"} and [1B](#pone.0129322.g001){ref-type="fig"}, only a lysis band of 67 kDa, corresponding to MMP-2, was observed in cell culture supernatants from untreated and unstimulated astrocytes (CTRL). The treatment of astrocytes with LPS consistently induced levels of the 92 kDa MMP-9 and increased MMP-2. By contrast, the treatment of astrocytes with the sponge extracts inhibited in a dose-dependent manner MMP-2 and MMP-9 levels in LPS-activated astrocytes. In general, the changes of MMP-2 and MMP-9 levels in multiple experiments with different cell populations are shown in the histograms in Fig [1C](#pone.0129322.g001){ref-type="fig"} and [1D](#pone.0129322.g001){ref-type="fig"}. In particular, a statistically significant inhibition of MMP-9 and MMP-2 was observed in cells treated with the extracts from *T*. *citrina*, *H*. *perlevis*, *I*. *variabilis*, *A*. *aerophoba* at the highest concentration used. Conversely, the crude extracts from *T*. *aurantium*, *S*. *spinosulus* and *C*. *nucula*, at the highest concentration used, inhibited significantly only MMP-9.

![Effect of treatment with the different sponge extracts on MMP-2 and MMP-9 levels in astrocyte supernatants.\
Primary astrocytes (1×10^5^ cells/ml), were activated with LPS (10 μg/ml) and simultaneously treated with each sponge extract at the indicated concentrations. Untreated and unstimulated cells represent negative control (CTRL). Culture supernatants were harvested after 24 h of incubation at 37°C, 5% CO~2~ and subjected to gelatin-zymography. Representative gels in A and B show MMP-2 and MMP-9, as identified by their apparent molecular mass of 67 and 92 kDa, respectively, using pre-stained molecular weight markers (Bio Rad). Histograms in C and D represent results, expressed as mean ± SD, after scanning densitometry and computerized analysis of gels from at least three independent experiments with different cell populations. Asterisks represent values statistically different from LPS-activated astrocytes (positive control) (One-way Anova followed by Tukey test; \* = p\<0.05; \*\* p = 0.001).](pone.0129322.g001){#pone.0129322.g001}

To ascertain that the inhibition of MMPs was not due to organic metabolites possibly present in the aqueous extracts, in another set of experiments astrocytes were treated with both the aqueous and the organic phases obtained after treatment with CHCl~3~. As shown in [Fig 2A](#pone.0129322.g002){ref-type="fig"}, the SDS gel electrophoresis demostrated that all the proteins present in the aqueous extracts (AE) from *C*. *nucula*, *T*. *aurantium* and *A*. *aerophoba* were still found in the aqueous phase (AP). By contrast, no proteins were found in the organic phase (OP). As observed in the rapresentative gels in [Fig 2B](#pone.0129322.g002){ref-type="fig"} an inhibition of MMP-2 and MMP-9, comparable with that found in supernatants from astrocytes treated with the aqueous extracts, was still observed in the supernatants from astrocytes treated with the aqueous phase from the analyzed sponges. By contrast, no inhibition was observed in supernatants from astrocytes treated with the organic phase. Similar results were obtained for all the sponges studied.

![Comparison between the protein profile of the aqueous extracts and the corresponding aqueous and organic phases from the sponges *C*. *nucula*, *T*. *aurantium* and *A*. *aerophoba* and their effect on the release of MMPs from astrocytes.\
**A**: Thirty μg of total proteins of the aqueous extract (AE) and aqueous phase (AP) and a corresponding equal volume of organic phase (OP) were subjected to SDS-PAGE on 10% polyacrilamide electophoretic gels. Molecular weight markers (sp) (BioRad) are indicated. **B:** Representative zymographic gels of supernatants from astrocytes activated with LPS (10 μg/ml) and simultaneously treated with the crude extracts from *C*. *nucula* (10 μg/ml), *T*. *aurantium* (10 μg/ml), *A*. *aerophoba* (10 μg/ml) or with equal amounts of the corresponding aqueous and the organic phases. Untreated and unstimulated cells represent negative control (CTRL).](pone.0129322.g002){#pone.0129322.g002}

Cytotoxicity of astrocytes after treatment with sponge extracts {#sec017}
---------------------------------------------------------------

In order to ascertain whether the reduction of MMP-9 and MMP-2 levels, observed in astrocytes after treatment with the different concentrations of sponge extracts, was not due to cytotoxic effects of the extracts on cells, astrocytes were subjected to the MTT assay. As shown in [Fig 3](#pone.0129322.g003){ref-type="fig"} the extracts at the used concentrations did not exert cytotoxic or proliferative effects on astrocytes, suggesting the presence in the aqueous extracts of water-soluble compounds with inhibitory activity towards MMPs.

![Effect of crude extracts on cell viability.\
Primary astrocytes (1×10^5^ cells/ml), were activated with LPS (10 μg/ml) and simultaneously treated with the sponge extract from *T*. *aurantium* (Ta), *T*. *citrina* (Tc), *H*. *perlevis* (Hp), *I*. *variabilis* (Iv), *C*. *nucula* (Cn), *A*. *aerophoba* (Aa) and *S*. *spinosulus* (Ss) at the indicated concentrations. After 24 h of incubation at 37°C, 5% CO~2~ astrocytes were subjected to the MTT assay. The results are expressed as percentage of surviving cells over untreated cells. Data are presented as mean ± SD of three different experiments with independent cell populations. The horizontal dashed line, set at 60%, indicates the threshold of cell viability. Concentrations of the crude extracts that yielded cell viability values \< 60% of control were considered as toxic doses.](pone.0129322.g003){#pone.0129322.g003}

In-Gel Inhibition of MMP-2 and MMP-9 activity after incubation with the aqueous extracts from the studied sponges {#sec018}
-----------------------------------------------------------------------------------------------------------------

An *in vitro* assay, already descibed in \[[@pone.0129322.ref019]\], was used to test the ability of the crude extracts from the different sponges to inhibit MMP-9 and MMP-2 activity. Briefly, exogenous MMP-2 and MMP-9 were separated by gelatin-zymography, then each lane of the zymogram was incubated in developing buffer containing the crude extracts from the different sponge at the highest non-cytotoxic concentration. A lane of the zymogram was incubated in the presence of 1,10 phenantrolin (PA), a specific inhibitor of MMPs (positive control). A representative gel is reported in [Fig 4A](#pone.0129322.g004){ref-type="fig"}. Percentages of inhibition of MMP-2 and MMP-9 activity of repeated analyses are reported in [Fig 4B](#pone.0129322.g004){ref-type="fig"}. As shown, the treatment with PA completely blocked the activity of MMP-2 and MMP-9. Similar results were observed after incubation of gels with the crude extracts from *T*. *citrina*, *H*. *perlevis*, *I*. *variabilis* and *S*. *spinosulus*, indicating that the aqueous extracts from these sponges possibly contain compounds able to inhibit directly the activity of the enzymes.

![In-gel inhibition of MMP-2 and MMP-9 activity by sponge extracts.\
MMP-2 and MMP-9 standard were applied to gelatin-zymography. After the electrophoretic run in SDS, gels were cut in lanes and each lane was washed with Triton X-100 and incubated overnight in the incubation medium (50 mMTris; 1% Triton-X-100; 10 mM CaCl~2~; 0.2% NaN~3~; pH 7.5) in the absence or in the presence of the different aqueous extracts at the highest non-cytotoxic concentrations. 1,10 PA was used as a positive control. **A**: Staining and destaining of the gels revealed that *T*. *citrina*, *H*. *perlevis*, *I*. *variabilis* and *S*. *spinosulus* but not *T*. *aurantium*, *C*. *nucula* and *A*. *aerophoba*, were able to inhibit both MMP-2 and MMP-9. **B**: Percentage of MMP-9 and MMP-2 inhibition of repeated analyses, calculated in comparison to negative control (CTRL) represented by the lane incubated in the absence of the sponge extracts. Asterisks represent values statistically different from control (One-way Anova followed by Tukey test; \* = p\<0.05).](pone.0129322.g004){#pone.0129322.g004}

Inhibition of MMP-2 and MMP-9 mRNA expression in astrocytes by *T*. *aurantium*, *H*. *perlevis*, *C*. *nucula* and *A*. *aerophoba* {#sec019}
------------------------------------------------------------------------------------------------------------------------------------

As assessed by RT-PCR ([Fig 5A](#pone.0129322.g005){ref-type="fig"}), a statistical significant inhibition of the expression of MMP-2 and MMP-9 mRNA was observed in astrocytes activated with LPS and simultaneously treated with the crude extracts from *T*. *aurantium*, *C*. *nucula*, *A*. *aerophoba* and *H*. *perlevis* at the highest non-cytotoxic concentration. By contrast, no inhibition of both MMP-2 and MMP-9 mRNA expression was observed in cells treated with *T*. *citrina*, *I*. *variabilis* and *S*. *spinosulus*. [Fig 5B](#pone.0129322.g005){ref-type="fig"} shows the results from multiple experiments with different cell populations after normalization with 18S mRNA, used as an internal control.

![Effect of treatment with the different sponge extracts on MMP-2 and MMP-9 mRNA expression in astrocytes.\
Primary astrocytes (1×10^5^ cells/ml) were activated with LPS (10 μg/ml) (positive control) and treated with each aqueous extract at the indicated concentrations. Untreated and unstimulated cells represent negative control (CTRL). After 24 h of incubation at 37°C, 5% CO~2~, total RNA was isolated from cells and RNA samples were analyzed by RT-PCR, using the primer pairs specific for MMP-2, MMP-9 and 18S. The products were run on a 1.5% agarose gel containing ethidium bromide. The bands were visualized under UV. Representative results are shown in **A**. Quantitation of the above experiment and two others after scanning densitometry are shown in **B**. Positive control MMP-2 and MMP-9 mRNA were set at 100%, and the treatments with the aqueous extracts represented as the percent of control (mean ±SD). Statistically significant inhibition of MMP mRNA expression in comparison to positive control (LPS) is indicated by asterisks (one way ANOVA followed by Tukey test; \* = p\<0.05).](pone.0129322.g005){#pone.0129322.g005}

ERK-1/2 is involved in the inhibition of MMP-9 expression by *T*. *aurantium*, *H*. *perlevis*, *C*. *nucula* and *A*. *aerophoba* {#sec020}
----------------------------------------------------------------------------------------------------------------------------------

To elucidate the molecular mechanism of inhibition of MMP-9 by sponge extracts we tested their effect on the activation of extracellular-regulated protein kinases (ERK) 1/2, which is the main signaling transduction pathway involved in the regulation of MMP-9 expression in LPS-activated astrocytes \[[@pone.0129322.ref028]\]. As shown in [Fig 6](#pone.0129322.g006){ref-type="fig"}, pretreatment of LPS-activated astrocytes with the extracts from *T*. *aurantium*, *H*. *perlevis*, *A*. *aerophoba* and *C*. *nucula*. significantly reduced phosphorylated ERK (p-ERK) 1/2 levels in a way comparable to that observed in astrocytes pretreated in the same experimental conditions with the ERK inhibitor PD98059. No reduction of p-ERK 1/2 was observed after pretreatment of LPS-activated astrocytes with *T*. *citrina*, *I*. *variabilis* and *S*. *spinosulus*.

![Inhibitory effect of the different sponge extracts on ERK 1/2 signalling pathway in astrocytes.\
Primary astrocytes (1×10^5^ cells/ml) were pre-treated for 2 h with the crude extracts from *T*. *aurantium* (10 μg/ml), *H*. *perlevis* (30 μg/ml), *T*. *citrina* (10 μg/ml), *I*. *variabilis* (60 μg/ml), *A*. *aerophoba* (10 μg/ml), *C*. *nucula* (10 μg/ml), and *S*. *spinosulus* (60 μg/ml) or with 10 μM of the ERK 1/2 inhibitor PD98059, then activated for 2 h with LPS (10 μg/ml). Untreated and unstimulated cells represent negative control (CTRL). Representative autoradiographic films of Western blotting analysis are reported in **A** and **B**. Histograms in **C** and **D** represent the results, after densitometric scanning of autoradiographic films, normalized as the ratio of phosphorylated to total ERK protein. Data represent means ± SD of three independent experiments. Asterisks represent values statistically different from positive control (LPS-activated astrocytes), which was set at 100% (one-way ANOVA followed by Tukey test; \*p \< 0.05).](pone.0129322.g006){#pone.0129322.g006}

Aqueous extracts from reared specimens of *T*. *aurantium* and *T*. *citrina* inhibit MMP-2 and MMP-9 in LPS-activated astrocytes {#sec021}
---------------------------------------------------------------------------------------------------------------------------------

To evaluate if aqueous extracts from sponges could retain their biological activities during the cultivation period, specimens of *T*. *aurantium* and *T*. *citrina*, were reared for 4, 10, 12, 18 months andfor 4, 10, 12 months, respectively. Their extracts were then tested for the biological activity against MMP-2 and MMP-9 on LPS-activated astrocytes. As shown in the representative gels reported in Fig [7A](#pone.0129322.g007){ref-type="fig"} and [7B](#pone.0129322.g007){ref-type="fig"}, the treatment of LPS-activated astrocytes with aqueous extracts from wild and reared specimens of *T*. *aurantium*, at the indicated rearing times, inhibited MMP-9 levels ([Fig 7A](#pone.0129322.g007){ref-type="fig"}) whereas the aqueous extracts from wild and reared specimens of *T*. *citrina* showed an inhibition of both MMP-2 and MMP-9 levels ([Fig 7B](#pone.0129322.g007){ref-type="fig"}). Results from multiple experiments with different cell populations are reported in the histograms in Fig [7C](#pone.0129322.g007){ref-type="fig"} and [7D](#pone.0129322.g007){ref-type="fig"}.

![Inhibition of MMP-9 and MMP-2 levels by the sponge extracts from wild and reared specimens of *T*. *aurantium* and *T*. *citrina*.\
Primary astrocytes (1×10^5^ cells/ml) were activated with LPS (10 μg/ml) and treated with the crude extracts from *T*. *aurantium* and *T*. *citrina* at the indicated concentrations. Untreated and unstimulated cells represent negative control (CTRL). Culture supernatants were harvested after 24 h of incubation and subjected to gelatin-zymography. Representative gels in A and B show the effect of the treatment with the crude extracts from wild and reared specimens of *T*. *aurantium* (A) and *T*. *citrina* (B) at the indicated rearing times. MMP-2 and MMP-9 were identified by their apparent molecular mass of 67 and 92 kDa, respectively, using pre-stained molecular weight markers (Bio Rad). Histograms in C and D represent results, expressed as mean ± SD, after scanning densitometry and computerized analysis of gels from at least three independent experiments with different cell populations. Asterisks represent values statistically different from LPS-treated astrocytes (positive control) (One-way Anova followed by Tukey test; \* = p\< 0.05; \*\* = p\< 0.01).](pone.0129322.g007){#pone.0129322.g007}

Inhibition of MMP-9 mRNA expression in LPS-activated astrocytes by aqueous extracts from reared specimens of *T*. *aurantium* {#sec022}
-----------------------------------------------------------------------------------------------------------------------------

RT-PCR experiments, reported in [Fig 8](#pone.0129322.g008){ref-type="fig"} revealed that the expression of MMP-9 mRNA was significantly inhibited in LPS-activated astrocytes treated with the aqueous extract from wild and reared specimens of *T*. *aurantium*. Conversely, the treatment with the aqueous extracts from wild and reared specimens of *T*. *citrina* did not inhibit the expression of both MMP-2 and MMP-9. In addition, the inhibitory mechanisms exerted by the reared specimens of *T*. *aurantium* and *T*. *citrina* occurred similarly to those observed in their wild conspecifics.

![Effect of treatment with the *T*. *aurantium* and *T*. *citrina* sponge extracts from wild and reared specimens on MMP-2 and MMP-9 expression in astrocytes.\
Primary astrocytes (1×10^5^ cells/ml) were activated with LPS and treated with the crude extracts from *T*. *aurantium* and *T*. *citrina* at the indicated concentrations. Untreated and unstimulated cells represent negative control (CTRL). The isolated RNA samples were analyzed by RT-PCR, using the primer pairs specific for MMP-2, MMP-9 and 18S. The products were run on a 1.5% agarose gel containing ethidium bromide. The bands were visualized under UV. Representative results are shown in A. Quantitation of the above experiment and two others after scanning densitometry are shown in B. Positive control MMP-2 and MMP-9 mRNA were set at 100%, and the treatments with the aqueous extracts represented as the percent of control (mean ±SD). Statistically significant inhibiton of MMP mRNA expression in comparison to positive control (LPS) is indicated by asterisks (one way ANOVA followed by Tukey test; \* = p\<0.05).](pone.0129322.g008){#pone.0129322.g008}

Discussion {#sec023}
==========

The marine environment is characterized by high biodiversity offering a vast variety of natural products, which could be used as potential drugs against various human diseases \[[@pone.0129322.ref022]\]. In recent years, marine organisms have been studied extensively for their biochemical responses to evade potential threats present in marine environment. This has led to the idea of exploiting their bioactive compounds to be used as potential inputs in pharmacological applications with the ultimate goal to uplift human health \[[@pone.0129322.ref033]\]. Among marine organisms, marine sponges, by being the most diversified faunal communities of seas, have significantly contributed in discovering bioactive compounds. Potential drug discovery targets include matrix metalloproteinases (MMPs), and in particular gelatinases A (MMP-2) and B (MMP-9), which are involved at different levels in the pathogenesis of several human diseases \[[@pone.0129322.ref034]--[@pone.0129322.ref036]\].

In this research aqueous extracts prepared from seven Mediterranean demosponges were tested on cultured astrocytes with the final aim of evaluating the presence of water-soluble bioactive compoundswith anti-MMP activity. The rationale for the choice of astrocytes as cell target comes from different observations: i) they represent an experimental model successfully used in other studies \[[@pone.0129322.ref017],[@pone.0129322.ref018],[@pone.0129322.ref031]\]; ii) these cells have been already tested for the assessment of the non-cytotoxic concentrations of the crude extracts \[[@pone.0129322.ref026]\]; iii) they play an important role in the pathogenesis of neuroinflammatory and neurodegenerative diseases. In fact, it has been extensively documented that during these pathological events, astrocytes are activated and release cytotoxic and myelinotoxic factors such as MMPs \[[@pone.0129322.ref037]\].

In our experiments, astrocytes were activated with LPS, a well-known inducer of MMPs \[[@pone.0129322.ref028]\], and treated with the non-cytotoxic concentrations of the aqueous extracts, as preliminary assessed \[[@pone.0129322.ref026]\]. Water soluble compounds with anti-MMP-2 and MMP-9 activity were found in the extracts from all the studied sponges. As previously demonstrated, the extracts from the seven demosponges studied present very rich protein patterns \[[@pone.0129322.ref026]\] it is conceivable to attribute the inhibitory effect on MMPs to water-soluble protein compounds. It should be pointed out that until now, the majority of anti-MMP bioactive compounds isolated from marine sponges are mainly organic molecules \[[@pone.0129322.ref023]--[@pone.0129322.ref025]\]. Therefore, in order to exclude that the inhibitory effect on MMPs could be due to organic secondary metabolites possibly present in the aqueous extracts, we subjected our samples to a further extraction with an organic solvent and found that the aqueous phase, obtained after the extraction, still presented anti-MMP activity comparable with that of the aqueous extract. In addition, it should be emphasized that the electrophoretic profile of the aqueous phase, recovered after treatment with chloroform, was identical to that of the starting aqueous extract. Therefore, although this finding does not represent a direct evidence, it strengthens the hypothesis that the inhibitory effect of the aqueous extracts on MMP-2 and MMP-9 might be due to a protein compound.

Our findings indicate that the aqueous extracts exert their anti-MMP effect at different level. In particular, the results obtained after the ''in gel zymography" and RT-PCR experiments suggest that the aqueous extracts prepared from the studied sponges inhibit differently MMP activity and expression, possibly dependently to the water-soluble compounds present in each extracts \[[@pone.0129322.ref026]\]. Specifically, the results obtained after the ''in gel zymography" suggest that water-soluble compounds from *T*. *citrina*, *I*. *variabilis* and *S*. *spinosulus* are able to inhibit directly the activity of both MMP-2 and MMP-9 with an efficiency that is comparable with that of 1,10 PA, a specific inhibitor of MMPs. By contrast, the inhibition of MMP-2 and MMP-9 by *T*. *aurantium*, *C*. *nucula* and *A*. *aerophoba* appears to be directed on the expression of the enzymes. It is noteworthy that *H*. *perlevis* inhibited both the activity and the expression of MMP-2 and MMP-9, suggesting the concomitant presence of water-soluble compounds with different types of anti-MMP activity.

Concerning the ability of some extracts to directly inhibit MMP activity, we can hypothesize that some water-soluble compounds contained in the aqueous extracts may interact with the catalytic site of MMPs exerting an effect similar to that of TIMPs. In this light, a 21 kDa proteinase from the muscle of Atlantic cod, *Gadus morhua*, showing properties similar to human TIMP-2, has been purified. The 21 kDa proteinase was found to inhibit the gelatinolytic activity obtained from a human macrophage cell medium rich in MMP-9 \[[@pone.0129322.ref038]\]. In this respect, it should be mentioned that the SDS-PAGE analysis of the aqueous extract from *H*. *perlevis* was characterized by the presence of a major band of 21 kDa \[[@pone.0129322.ref026]\]. Further analyses are in progress to ascertain its possible gelatinolytic activity.

The inhibition of MMP-2 and MMP-9 expression by *T*. *aurantium*, *C*. *nucula* and *A*. *aerophoba* suggests the presence in these extracts of water-soluble compounds possibly able to interfere with the signaling pathways leading to the activation of MMP gene.

To better understand the mechanisms underlying the inhibition of MMPs, we focused our attention on ERK 1/2, which is the main signaling transduction pathway involved in the regulation of MMP-9 expression in LPS-activated astrocytes \[[@pone.0129322.ref028]\]. As observed, phosphorylated ERK (p-ERK) 1/2 levels were significantly reduced in the same extracts which showed a significant inhibition of MMP-9 gene expression. Conversely, no reduction of p-ERK 1/2 was observed after pretreatment of LPS-activated astrocytes with the sponge extracts which did not show any inhibition of MMP-9 expression. This result suggests that a mechanism by which the aqueous extracts from *T*. *aurantium*, *H*. *perlevis*, *A*. *aerophoba* and *C*. *nucula* inhibit MMP-9 is through the inhibition of MMP-9 gene trascription. In this respect, in a previous research we demonstrated that plant-derived bioactive compounds with antioxidant activity are able to inhibit MMP-9 expression by reducing the activation of ERK signaling pathway \[[@pone.0129322.ref031]\].

The presence of compounds able to inhibit MMP activity and expression in the aqueous extracts encourages to identify and purify the bioactive protein compounds from the studied sponges. However, sponge tissues usually bear only traces of the compounds of pharmacological interest \[[@pone.0129322.ref039]\], therefore the use of large amounts of sponge biomass is required for the commercial production of these bioactive compounds \[[@pone.0129322.ref040]\]. Currently, this "supply problem" still hampers the pharmacological use of many promising metabolites from marine organisms \[[@pone.0129322.ref041]\]. Sponge aquaculture is one possible method that could supply sufficient and sustainable quantities of sponge metabolites for drug development and manufacture \[[@pone.0129322.ref042],[@pone.0129322.ref043]\]. In this respect, our research group have recently developed rearing methodologies for the ex situ cultivation of *T*. *aurantium* and *T*. *citrina* reared for a period of 18 and 12 months, respectively \[[@pone.0129322.ref044]\].

On these grounds, in this research we also evaluated whether aqueous extracts from reared specimens of *T*. *aurantium* and *T*. *citrina* could maintain their biological activities during the rearing period demonstrated that the extracts from the reared specimens of *T*. *aurantium* were able to inhibit in a dose-dependent manner MMP-9 levels in LPS-activated astrocytes, while those from *T*. *citrina* inhibited dose-dependently levels of both gelatinases. In addition, these inhibitory activities appeared to be maintained throughout the rearing period. Moreover, the mechanisms of inhibition exerted by the reared specimens of *T*. *aurantium* and *T*. *citrina* occurred similarly to those observed in their wild conspecifics.

In our previous research we demonstrated that the protein profile of these reared sponges showed increased levels of two protein bands of 50 and 36 kDa. In particular, the 50 kDa levels were increased in both the species, while the 36 kDa only in *T*. *citrina* \[[@pone.0129322.ref044]\]. Therefore, since the observed inhibition in the aqueous extracts of the reared specimens of the studied species did not change during the rearing period, we can hypothesize that the inhibition of gelatinases A and B might not be correlated to these induced proteins, but to other water soluble compounds or, more specifically, to other proteins, which are constitutively expressed in these sponges.

On the whole, our results indicate that the aqueous extracts from the selected Mediterranean demosponges possess a variety of water-soluble bioactive compounds, which are able to inhibit MMPs at different levels. In addition, the findings obtained from the treatment of astrocytes with the extracts from the reared sponges, *T*. *aurantium* and *T*. *citrina*, reveal that these sponges maintain the production of compounds with inhibitory activities on MMP-2 and MMP-9 during the rearing period. In conclusion, the results of this research indicate that the water-soluble compounds present in the aqueous extracts of the studied sponges might have possible pharmacological applications. In addition, the biological activities in the extracts from the reared sponges encourage sponge aquaculture as a valid option to supply sponge biomass for drug development on a large scale.
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